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SUMO-1 is a member of a ubiquitin-related family of proteins that mediates important post-translational effects affecting diverse
physiological functions. Whereas SUMO-1 is detected in the testis, little is known about its reproductive role in males. Herein, cell-specific
SUMO-1 was localized in freshly isolated, purified male germ cells and somatic cells of mouse and rat testes using Western analysis, high-
resolution single-cell bioimaging, and in situ confocal microscopy of seminiferous tubules. During germ cell development, SUMO-1 was
observed at low but detectable levels in the cytoplasm of spermatogonia and early spermatocytes. SUMO-1 appeared on gonosomal
chromatin during zygotene when chromosome homologues pair and sex chromatin condensation is initiated. Striking SUMO-1 increases in
the sex body of early-to-mid-pachytene spermatocytes correlated with timing of additional sex chromosome condensation. Before the
completion of the first meiotic division, SUMO-1 disappeared from the sex body when X and Y chromosomal activity resumed. Together,
these data indicate that sumoylation may be involved in non-homologous chromosomal synapsis, meiotic sex chromosome inactivation, and
XY body formation. During spermiogenesis, SUMO-1 localized in chromocenters of certain round spermatids and perinuclear ring and
centrosomes of elongating spermatids, data implicating SUMO-1 in the process of microtubule nucleation and nuclear reshaping. STAT-4,
one potential target of sumoylation, was located along the spermatid nuclei, adjacent but not co-localized with SUMO-1. Androgen receptor-
positive Leydig, Sertoli, and some peritubular myoepithelial cells express SUMO-1, findings suggesting a role in modulating steroid action.
Testicular SUMO-1 expression supports its specific functions in inactivation of sex chromosomes during meiosis, spermatid microtubule
nucleation, nuclear reshaping, and gene expression.
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The small ubiquitin-related modifier-1 (SUMO-1) is a
member of a family of ubiquitin-related proteins. Recent
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gametogenesis, modulation of steroid receptor activity, and
placental development (Bebington et al., 2001; Sutovsky,
2003). In contrast to ubiquitination, which is largely but not
always associated with proteolytic pathways, sumoylation
does not target proteins to degradation. SUMO modifica-
tions of target proteins are implicated in protein–protein
interactions, nuclear–cytoplasmic transport, and formation
of specific nuclear heterochromatin domains, likely by
targeting proteins to these domains and thereby regulating82 (2005) 480 – 492
M. Vigodner, P.L. Morris / Developmental Biology 282 (2005) 480–492 481transcription, DNA replication, and repair processes. To
date, sumoylation has been correlated with chromatin
inactivation and transcriptional repression in non-testicular
cells (Gill, 2004; Johnson, 2004; Muller et al., 2004;
Schwartz and Hochstrasser, 2003; Seeler and Dejean,
2003; Verger et al., 2003; Wormald and Hilton, 2004).
SUMO-1 and SUMO-related proteins have been identi-
fied in several reproductive tissues and their derived cell
lines (Kim et al., 2000; Santti et al., 2003; Tan et al., 2000;
Yan et al., 2003). SUMO-binding motifs have been
identified in several nuclear receptors, including the
androgen receptor (AR), progesterone (PR), and glucocorti-
coid (GR) receptors, findings suggestive of distinct roles for
sumoylation in steroid receptor activity. In AR-transiently
transfected HeLa and COS-1 cells, SUMO modification has
been shown to modulate transcriptional activity of the AR
(Muller et al., 2004; Poukka et al., 2000a,c).
Adult spermatogenesis consists of phases of stem cell
and spermatogonial proliferation, meiosis of spermatocytes,
and the post-meiotic maturation of spermatids (spermio-
genesis), coordinate processes resulting in production of
testicular sperm. Meiotic sex chromosome inactivation
(MSCI) and remodeling of XY chromatin in the specific
domain of heterochromatin morphologically distinguished
as the sex body is a critical step for the successful
completion of the meiotic progression (Baarends et al.,
1999a; Handel, 2004; Hoyer-Fender, 2003). Following
meiosis, haploid round spermatids differentiate through a
process of cellular and nuclear reorganization and two
tubulin-containing structures, the axoneme and manchette,
are developed during spermatid elongation. After flagella
formation is initiated in the centrosome, the perinuclear ring
gives raise to the manchette, a transient network of
microtubules surrounding the caudal half of the spermatid
nucleus (Bruce et al., 1973; Clermont and Antar, 1973;
Kierszenbaum, 2002; Mochida et al., 1998; Rattner and
Olson, 1973; Russell et al., 1991). These processes, in turn,
are thought to contribute to nuclear reshaping, chromatin
condensation, and further spermatid maturation.
To date, little is known concerning the distinct roles of
sumoylation during spermatogenesis. Recently, SUMO-1
was identified in spermatocytes, findings suggestive of a
role during male meiosis (Rogers et al., 2004). However, the
distribution, function, and regulation of SUMO-1 in differ-
ent types of male germ and somatic testicular cells are still
largely unknown. In order to ascertain the role of SUMO-1
during spermatogenesis, in this present study advanced
techniques of cell imaging and immunodetection analyses
using freshly isolated testicular cells were combined with
confocal microscopy to localize SUMO-1 for a non-invasive
study of germ cell associations in situ within the semi-
niferous tubules. Using these techniques, SUMO-1 was
localized to specific cellular domains in germ and somatic
cells of the mouse and rat testes, findings consistent with
diverse and potentially multiple roles during testicular
function and spermatogenesis.Materials and methods
Animals, reagents, and antibodies
Adult male C57Bl6 mice were obtained from Jackson
Laboratory (Bar Harbor, ME) and Sprague–Dawley (SD)
rats [Crl: CD(Sprague–Dawley)BR-CD] purchased from
Charles River Laboratories, Inc., Kingston, NY). Animals
were housed in standard lighting (12 h light, 12 h dark) and
allowed food and water ad libitum. They were maintained in
facilities approved by the American Association for the
Accreditation of Laboratory Animal Care. Procedures
involving the use of animals strictly followed the Guidelines
for the Care and Use of Laboratory Animals set forth by the
NIH.
All reagents were purchased from Sigma (St. Louis, MO)
unless otherwise noted. An affinity-purified rabbit poly-
clonal antibody raised against full-length SUMO-1 protein
was purchased from Affinity BioReagents (Golden, CO;
SUMO-1ABR antibody). A monoclonal antibody against
full-length recombinant SUMO-1 protein was obtained from
Zymed Laboratories Inc. (San Francisco, CA; SUMO-
1Zymed antibody). A monoclonal antibody against phos-
phorylated histone H2A.X (Ser139, gH2A.X) was from
Upstate Cell Signaling Solutions (Lake Placid, NY). Mouse
monoclonal anti h-tubulin antibody was purchased from
Sigma (St. Louis, MO). A rabbit polyclonal IgG raised
against the epitope mapping to the C-terminus of mouse
STAT-4 protein was obtained from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA).
Isolation and purification of male germ cells, sperm,
somatic cells, and seminiferous tubules from rodent testes
Germ cell suspensions enriched for specific cell types
were isolated from the adult testes of mice or rats by
elutriator-purification as previously reported (Jenab and
Morris, 1998; Kanzaki and Morris, 1998; Meistrich et al.,
1973). In certain experiments, suspensions of mixed germ
cells were obtained directly after isolation of tubules and
used prior to elutriator-purification procedures. Leydig cells
were isolated from adult SD rats (55–65 days old) and
purified by Percoll gradient and centrifugal elutriation to
98% 3 h-hydroxysteroid dehydrogenase-positive, a well-
characterized marker of the adult Leydig cell (Kanzaki and
Morris, 1999). Sertoli cells were prepared to 95% purity
as previously described (Jenab and Morris, 1998). For
isolation of the seminiferous tubules, each testis was
detunicated in a small amount of phosphate-buffered saline
(PBS) and tubules gently dissociated and unraveled using
fine forceps. Portions of separated seminiferous tubules
were fixed in 1% paraformaldehyde (10 ml of fixative was
added to approximately 1 ml of tubules) overnight (4-C);
the fixed tubules were rinsed three times in PBS at unit
gravity then stored in 0.1% w/v Na azide in PBS (4-C) until
use (Vigodner et al., 2002).
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Whole cell homogenates were extracted for protein
lysates (15 min, on ice) in buffer [(10 mM Tris–HCl (pH
7.8) containing 1% NP-40, 0.1% sodium dodecyl sulfate,
150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl-
fluoride (PMSF), 2 mM dithiothreitol (DTT), 2 mM sodium
orthovanadate, 2 Ag/ml aprotinin, 2 Ag/ml pepstein, and 2
Ag/ml leupeptin]. Cellular debris was pelleted by centrifu-
gation at 12,000  g (15 min).
Proteins in the supernatant were then subjected, under
reducing conditions, to SDS-PAGE using 4–20% Tris–
Glycine gels (Novex, San Diego, CA); proteins subse-
quently were electrophoretically transferred to nitrocellulose
membranes (Schleicher & Schuell, Keene, NH). Membranes
were hybridized sequentially with SUMO-1Zymed and/or
SUMO-1ABR antisera (1:1000); equal loading was deter-
mined using monoclonal anti-h-actin antibody (1:2000,
Sigma). Blots were developed with the ECL-Plus (enhanced
chemiluminescence) Western blotting system (Amersham,
Arlington Heights, IL) and exposed to X-ray film (Kodak,
Rochester, NY).
Bioimaging analysis
Slide preparation
Freshly isolated testicular cells were attached to glass
microscope slides using cyto-centrifugation (Cytofuge,
StatSpin Inc., Norwood, MA), fixed in 1% paraformalde-
hyde (15 min; room temperature, RT), washed three times in
PBS, and stored at 80-C until staining and subsequent
analysis as indicated.
Indirect immunofluorescence on isolated cells
Fixed cells on slides were treated with 0.3% Igepal
(Sigma, St. Louis, MO; 10 min) and pre-blocked with
Image-ITi FX Signal Enhancer (Molecular Probes,
Eugene, OR; 30 min). Cells were washed and then
incubated with either of the anti-SUMO-1 antibodies at
dilutions of 1:200–1:300 for SUMO-1ABR or 1:100–1:200
for SUMO-1Zymed in PBS containing 1% bovine serum
albumin (BSA) for 2 h (RT). Following one wash with PBS,
the cells were incubated with FITC-conjugated goat anti-
rabbit IgG or rabbit anti-mouse (Jackson ImmunoResearch
Laboratories, ME for SUMO-1ABR and SUMO-1Zymed,
respectively) at a 1:150 dilution in PBS containing 1%
BSA, and then washed three times. In the experiments
where SUMO-1 expression was co-localized with the
gH2A.X, cells were first incubated with both SUMO-1ABR
and gH2A.X (1:300 final dilution for gH2A.X), followed by
incubation with a mixture of FITC-conjugated goat anti-
rabbit IgG and Alexa Fluor 633 goat anti-mouse IgG (1:200
dilution; Molecular Probes). For immunostaining of the
manchette, anti h-tubulin antibody was used at the concen-
tration of 1:300. For co-localization of SUMO-1 and STAT-
4, cells were first incubated with both SUMO-1Zymed andanti-STAT-4 antibody (1:200 final dilution for anti-STAT-4),
followed by incubation with a mixture of Alexa Fluor 633
goat anti-mouse IgG (1:200 dilution; Molecular Probes) and
FITC-conjugated goat anti-rabbit IgG. Cell nuclei were
stained using 4,6-diamino-2-phenylindole (DAPI) (4 Ag/ml,
5 min) and rinsed in PBS. Slides were mounted using
ProLong Antifade Kit (Molecular Probes). Images were
captured using real-time 2D-deconvolution Delta Vision\
Image Restoration Microscopy (Applied Precision, Inc.,
Issaquah, WA). An Olympus IX-70 inverted microscope
was used with 40 , 60 , or 100  oil objectives together
with DAPI, FITC, and CY-5 filter sets as indicated.
Confocal microscopy of seminiferous tubules
Small portions of paraformaldehyde-fixed tubules were
covered with Igepal (0.3%) in microfuge tubes (10 min),
washed twice without centrifugation and blocked in Image-
IT TM FX Signal Enhancer (Molecular Probes). Tubules
were incubated with anti-SUMO antibody overnight (4-C)
at a final dilution of 1:200 or 1:100 in PBS/1% BSA for
SUMO-1ABR and SUMO-1Zymed, respectively. Tubules were
rinsed in PBS, incubated with FITC-conjugated goat anti-
rabbit IgG or rabbit anti-mouse IgG for SUMO-1ABR or
SUMO-1Zymed, respectively, at a 1:150 dilution in PBS (3–4
h), and washed three times; the tubules were incubated
overnight with propidium iodide (PI; 50 Ag/ml). Using a
pipette with a widened tip, a few tubules were placed into
optical glass bottom dishes (MatTek Corporation, Ashland,
MA) and subsequently examined by Zeiss LSM 510
inverted confocal microscopy using FITC and CY-3 filter
sets. Tubules were examined by producing longitudinal
optical sections obtained at different depths in the tubule,
beginning at the layer of myoepithelial cells (outermost
layer) towards the lumen as previously described (Vigodner
et al., 2002).Results
To determine SUMO-1 expression during spermato-
genesis, two different antibodies against SUMO-1 protein,
SUMO-1ABR and SUMO-1Zymed, were used for immuno-
fluorescence analysis performed using freshly isolated
testicular cells from mouse and rat testis.
Western analysis of SUMO-1 in specific testicular cell types
Using mouse or rat cell-specific extracts, both antibodies
detected the predicted SUMO-1 size band (¨15 kDa) on
Western analysis, findings that indicate the presence of free
SUMO in testicular cells (Figs. 1A, mouse and 1B, rat). Free
SUMO-1 was not previously detected in male germ cells
(Rogers et al., 2004). Additional specific bands of higher
molecular weights (60, 80–90 kDa) were observed (see
arrows) and likely correspond to SUMO-1 conjugates
present in the whole cell lysates of freshly isolated and
Fig. 1. SUMO-1 protein expression in cells of the mouse (A) and rat (B) testis. Whole cell lysates from freshly isolated and elutriator-purified specific germ cell
types, and purified Leydig and Sertoli cells were separated by 4–20% Tris–Glycine SDS-polyacrylamide gel electrophoresis under reducing conditions and
electrophoretically transferred to nitrocellulose membranes. The membranes illustrated were subjected to Western analysis using the anti-SUMO-1Zymed
antisera. (Panel A) Adult mouse testis (Lane 1, T), and freshly isolated and elutriator-purified murine spermatogonia (Sg, Lane 2), pachytene spermatocytes
(PS, Lane 3), and round, elongating and late spermatids (Lanes 4, 5, and 6, respectively). (Panel B) Specific somatic and germ cells freshly isolated and
elutriator-purified from rat testis. Rat Leydig (Lane 1), Sertoli (Lane 2), spermatogonia (Lane 3), pachytene spermatocytes (Lane 4), and round spermatids
(Lane 5).
Fig. 2. Localization of SUMO-1 in mouse spermatocytes. Freshly isolated
mouse pre-elutriated germ cell mixture (A) and elutriator-purified
pachytene spermatocytes (B–D) were immunostained using anti-SUMO-
1ABR antisera (FITC, green) and cell nuclei counterstained using DAPI
(blue). (Panel A) SUMO-1 appears in the nucleus of early spermatocytes
before chromatin condensation. (Panel B) Mid-to-late pachytene sperma-
tocytes show prominent SUMO-1-containing foci in their nuclei. Panel D is
the identical field to panel C, in which nuclei staining alone is shown.
SUMO-1 localizes to a specific chromatin domain, the sex body (arrow) of
pachytene spermatocytes. Panels A and B, 40 magnification; panels C
and D, 100. Scale bar is 10 Am (A, B) and 5 Am (C and D).
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Leydig and Sertoli cells (Figs. 1A and 1B).
SUMO-1 bioimaging
For immunocytology, Delta Vision Restoration micro-
scopy was performed using both freshly isolated suspen-
sions of testicular cells and specific germ cells enriched by
elutriation purification.
In premeiotic cells from murine testis, SUMO-1 was
either undetectable in a given cell or observed at low but
above background levels in the cytoplasm. In early
spermatocytes before chromatin condensation, SUMO-1
signal when detected in a sub-set of these cells was largely
peri-nuclear, but was also observed within the nucleus (Fig.
2A), forming in some cells a characteristic structure that was
seen more clearly using confocal microscopy [see Fig. 7C,
zygotene (Zy)]. Strikingly, in pachytene spermatocytes (Fig.
2B, PS), SUMO-1 was seen in prominent nuclei foci. With
higher magnification (Figs. 2C and 2D), SUMO-1 was
localized to a specific chromatin domain, the sex body,
consistent with the finding of a recent study (Rogers et al.,
2004). Simultaneous immunostaining using anti-SUMO-
1ABR and anti-serine139-phosphorylated H2AX (gH2A.X, a
marker of the sex body) antibodies revealed identical co-
localization patterns of staining in mouse and rat sperma-
tocytes (Figs. 3A and 3B).
In rat and mouse, the majority of spermatocytes
displayed SUMO-1 localized almost exclusively to the sex
body; however, certain spermatocytes showed a slight but
specific SUMO-1 staining in other nuclear regions (data not
Fig. 4. SUMO-1 is present in the perinuclear ring and centrosome but not
the perinuclear theca of elongated spermatids. Freshly isolated germ cell
mixture (A, B) or elutriator-purified mouse elongated spermatids (C, D, E,
F) were subjected to immunostaining with anti-SUMO-1ABR (A, C) and
SUMO-1Zymed (B and D), h-tubulin antibody to stain the manchette (E), or
double labeled (F) with anti-SUMO-1Zymed and STAT-4 antibodies. Anti-
SUMO-1Zymed (B) but not anti-SUMO-1ABR (A) detects SUMO-1 in the
chromocenter of certain round spermatids (RS). Both antibodies detect
SUMO-1 in the centrosome area of elongated spermatids (C, D); only anti-
SUMO-1Zymed detects SUMO-1 in the perinuclear ring of the manchette (D,
arrowheads). Testicular sperm (Tsp) are SUMO-1-negative. The manchette
initiation site (arrowheads, E) and an anti-SUMO-1Zymed-positive pattern
(arrowheads, D) are in the same region of the spermatid nucleus. (F)
SUMO-1 (red) and STAT-4 (green), are found close but not co-localized,
along the spermatid nuclei. Scale bar is 10 Am.
Fig. 3. SUMO and phosphorylated H2AX (gH2AX) localize in the sex
body of pachytene spermatocytes. Freshly isolated and elutriator-purified
pachytene spermatocytes from mouse (A) and rat (B) testes were subjected
to double labeling with anti-SUMO-1ABR and phosphorylated H2AX
(gH2AX) antibodies. Mid-to-late spermatocytes are seen (A, B) as are early
spermatocytes (see smaller cells, B). Co-localization of green fluorescence-
labeled SUMO-1 and red fluorescence-labeled gH2AX produces an
orange–yellow merged signal. Cell nuclei are counterstained by DAPI
(blue). (D) DAPI only. Scale bar is 10 Am.
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(Rogers et al., 2004).
During the steps of mouse spermiogenesis, many round
spermatids were negative for SUMO-1 (Fig. 4A); certain
spermatids showed dots of SUMO-1 in the chromocenterregion known to consist of centromeric heterochromatin
(Brinkley et al., 1986; Hoyer-Fender et al., 2000b). These
punctate localized SUMO-1 proteins were more promi-
nently seen with the SUMO-1Zymed antibody (Fig. 4B).
In elongating spermatids (ES), both antibodies detected
SUMO-1 in the centrosome area of spermatids (Figs. 4C
and 4D). In addition, a linear pattern of SUMO-1 in the
post-acrosomal region similar to that described for the
perinuclear ring was consistently observed with the anti-
SUMO-1Zymed immunoreagent (Figs. 4E, green and 4F, red)
(Kato et al., 2004; Tarsounas et al., 2001). During spermatid
elongation, the perinuclear ring gives rise to the manchette;
Fig. 5. SUMO-1 in Leydig and Sertoli cells. Elutriator-purified adult rat
Leydig cells (A), pre-elutriated mouse Leydig (B), and Sertoli cells (SC,
arrows, C and D) are stained with the anti-SUMO-1ABR (A, C) and anti-
SUMO-1Zymed (B, D). Both antibodies detect strong nuclear and perinuclear
and some cytoplasmic SUMO-1 signal in Leydig cells (A, B). Only
SUMO-1ABR (C) and not anti-SUMO-1Zymed (D) positively stain Sertoli cell
nuclei. Consistent with preceding results, anti-SUMO-1ABR detected
SUMO-1 in the centrosome of elongated spermatids (C) but only anti-
SUMO-1Zymed showed specific staining in the perinuclear ring (D).
SUMO-1 is present in the sex body of pachytene spermatocytes (PS), but
absent in certain round spermatids and all testicular sperm (D). Scale bar is
10 Am.
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4E). The manchette initiation site was seen directly below
the area of condensed chromatin in the spermatid nucleus, in
the same region in which the SUMO-1Zymed-positive pattern
was detected (see arrowheads, Figs. 4D and 4E). During
spermatid elongation, another cytoskeletal structure, the
perinuclear theca, appears in the subacrosomal space located
in close proximity to the perinuclear ring (Longo and Cook,
1991; Oko and Maravei, 1995). These two structures are not
readily morphologically distinguishable. In elongated sper-
matids (ES), the pattern observed for SUMO-1 may
represent its localization to the subacrosomal domain.
The signal transducer and activator of transcription
(STAT) family member STAT-4 is a potential target of
sumoylation (Arora et al., 2003). STAT-4 has been localized
to the elongated spermatid perinuclear theca (Herrada and
Wolgemuth, 1997). Using double-labeling methods to
simultaneously detect SUMO-1 and STAT-4 in the same
spermatid, the patterns obtained for STAT-4 were quite
similar to those for SUMO-1.While these two proteins were
adjacent, they do not appear to be co-localized along the
spermatid nuclei (Fig. 4F); STAT-4 was detected anterior to
SUMO-1, a finding consistent with sub-acrosomal perinu-
clear theca localization of STAT-4 and perinuclear ring
localization of SUMO-1. Interestingly, the pattern of STAT-
4 during spermiogenesis from round spermatids (not shown)
to its localization in the subacrosomal place and location
relative to the perinuclear ring was similar to that described
for acroplaxome, a recently defined substructure located
between the inner acrosomal membrane and a nuclear
lamina (Kierszenbaum et al., 2003, 2004).
Consistent with the findings of Western analyses, both
antibodies detected SUMO-1 in isolated residual bodies
which contain cytoplasm shed from elongating spermatids
(not shown) and no immunostaining was observed in
testicular sperm (TS, Figs. 4D and 5D).
In somatic cells, the androgen-producing and androgen
receptor-positive rat and mouse Leydig cells demonstrated
strong nuclear, peri-nuclear, and some cytoplasmic
SUMO-1 (Figs. 5A and 5B). The nuclei of Sertoli cells
positively stained with the SUMO-1ABR antibody (Fig. 5C),
but in contrast, little to none immunostaining was observed
when the SUMO-1Zymed antiserum was used (Fig. 5D).
Particular Sertoli cells showed prominent SUMO-1-positive
dots within the nucleoli region, a pattern characteristically
observed with both antibodies (see Fig. 7).
Meiotic SUMO-1 within the seminiferous tubules in situ
To more accurately determine the timing of SUMO-1
protein expression during meiosis, whole tubule immuno-
staining with both of the anti-SUMO antibodies was
followed by confocal microscopy analyses. Laser-enabled
longitudinal optical sectioning was made at different depths
within the seminiferous tubules at the levels of spermato-
gonia, spermatocytes, and spermatids, allowing observation‘‘in situ’’ of Sertoli–germ and germ–germ associations. The
major advantage for spermatocyte imaging of this technique
over the surface spreading method is that numerous cells
from the same developmental stage, such as leptotene and
zygotene spermatocytes, can be visualized and analyzed
without other germ cells in the defined section. Additionally,
sequential spermatocyte maturation may be followed along
the length of the tubule.
Specific spermatogenic stage was determined according
to the germ cell associations in the particular tubule fragment
using the morphology of given germ cells and their ratio to
Sertoli cells (Russell et al., 1990). Using confocal micro-
scopy combined with either anti-SUMO-1ABR (Fig. 6)
or -SUMO-1Zymed (Fig. 7) immunodetection, a low but
specific perinuclear signal for SUMO-1 was detected in
spermatogonia (Sg) which were located in the outer tubule
layer near the Sertoli cell nuclei (SC, Fig. 6A). A similar
pattern of SUMO-1 was observed in preleptotene spermato-
cytes (Pl, Fig. 6B), identified by staging using the presence of
testicular sperm adjacent to and within the lumen, associa-
tions that characterize stages VII–VIII in mouse spermato-
genesis, as well as the germ-to-Sertoli cell ratio. Their
numbers reflective of the two mitoses preceding them,
preleptotene spermatocytes (6:1 ratio, Fig. 6B) are the final
products of the mitotic waves compared to spermatogonia
Fig. 7. Confocal microscopic localization of SUMO-1 in mouse germ cells
and Sertoli cell karyosomes. Results of immunostaining with the anti-
SUMO-1Zymed antibody are illustrated. (Panel A) SUMO-1 is nuclear in
zygotene spermatocytes (Zy), some diplotene spermatocytes (Di), and
secondary spermatocytes (Sec). (Panel B) Significant SUMO-1 is detected
in mid-pachytene spermatocytes (PS) concentrated in the sex bodies; some
SUMO-1-positive round spermatids (RS) are seen. Stages VII–X of
spermatogenesis are visible in the section illustrated (C). (Panel C)
SUMO-1 is clearly detected in the sex body of late pachytene spermatocytes
but not in the nuclei of leptotene spermatocytes (Le); elongated spermatids
(ES) characterize stages VII– IX. Stage XII of mouse spermatogenesis is
illustrated (D–F). (Panel D) Zygotene spermatocytes (Zy) show SUMO-1 in
their nucleus (as in panel A). SUMO-1 gradually disappears from diplotene
spermatocytes (Di) before the first meiotic division (MeI). Secondary
spermatocytes are SUMO-1-negative (A). Panel F, in which nuclei staining
alone is shown in order to characteristically distinguish among different types
of testicular cells is identical to field (E). (Panel E) SUMO-1 in the
heterochromatin of karyosomes in Sertoli cell nucleoli (arrows, E, F); also in
satellites seen in two Sertoli nucleoli (A) upper right corner, and (B) lower left
corner. Inset (E), enlarged view of SUMO-1-positive Sertoli satellite
karyosomes.
Fig. 6. Confocal microscopic localization of SUMO-1 in mouse semi-
niferous tubules. Confocal microscopy was performed on laser-produced
longitudinal optical sections obtained at different depth in the tubules; the
results of immunostaining with the anti-SUMO-1ABR antibody are
illustrated. The patterns of fluorescence after excitation of the FITC-
conjugated secondary antibody (green) are shown; cell nuclei are
demonstrated by propidium iodide (red). (Panel A) Spermatogonia (Sg)
show a modest perinuclear SUMO-1 signal compared to a striking signal in
the periphery of the Sertoli cell nuclei (SC); pachytene spermatocytes (PS),
situated deeper in the tubules and partially seen in this focal plane, contain
SUMO-1 in the sex body. (Panel B) Preleptotene spermatocytes (Pl) show
undetectable-to-low perinuclear SUMO-1 signal. (Panel C) Nuclear
SUMO-1 in zygotene spermatocytes (Zy) appears as ‘‘tadpole-shaped’’
structures on the sex chromatin of particular spermatocytes. (Panel D)
SUMO-1 is concentrated in the sex body region in early pachytene
spermatocytes. (Panel E) Mid-pachytene spermatocytes show more
intensive SUMO-1 signal than early pachytene. (Panel F) An optical
section from stage XII of mouse spermatogenesis is illustrated. SUMO-1 is
detected in zygotene spermatocyte (as in panel C) but is no longer present
in diplotene spermatocytes (Di) before the completion of the first meiotic
division (MeI) and in secondary spermatocytes (Sec). Elongated spermatids
(ES) corresponding to stage XII are seen. Scale bar is 10 Am.
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al., 1990; Vigodner et al., 2002). No SUMO-1was detected in
the nucleus of leptotene spermatocytes (Le) at stages IX–X,
characterized by step 9–10 spermatids and late PS (Fig. 7C).
Consistent with results obtained using freshly isolated and
purified germ cells, SUMO-1 appeared in the nucleus before
chromosome condensation within the zygotene spermato-
cytes, corresponding to stages XI–XII of mouse spermato-genesis, findings seen with both anti-SUMO-1 antibodies
(Figs. 6C and 7A). The stage was determined according to the
presence of diplotene spermatocytes, meiotic divisions, and
secondary spermatocytes in the deeper layers of the same
tubule fragment (Figs. 6D and 7A). In several spermatocytes
at this stage, SUMO-1-positive ‘‘tadpole-shaped’’ structures
were observed with SUMO-1ABR (Fig. 6C) similar to those
previously described as uncondensed sex chromatin at the
Fig. 8. Presence of SUMO-1 in peritubular myoid cells. Myoid cells (myo)
located in the peripheral layer of the tubule show a heterogeneous pattern of
immunostaining with the two anti-SUMO-1 antisera as illustrated, (A) anti-
SUMO-1ABR and (C) anti-SUMO-1Zymed. Consistent with the results above,
spermatogonia (A) show modest perinuclear SUMO-1 signals; zygotene
spermatocytes (Zy) demonstrate the SUMO-1-positive ‘‘tadpole-shaped’’
nuclear structure, and pachytene spermatocytes (PS) show comparatively
abundant SUMO-1 localized in their sex body. Also, SUMO-1-positive
Sertoli cells (SC) were observed (A, B) with satellite karyosomes seen (C,
D). Panels B and D are identical to panels A and C, respectively, in which
nuclei staining alone is shown in order to characteristically distinguish
among different types of testicular cells.
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Fender et al., 2004; Mahadevaiah et al., 2001). Together,
these findings support the initial appearance of SUMO-1 in
zygotene rather than in pachytene spermatocytes as recently
reported (Rogers et al., 2004). During the transition to the
pachytene spermatocyte at stage I of the tubule, a stage
characterized by the appearance of round spermatids, the
products of the second meiotic division, and chromosome
condensation and sex body formation, SUMO-1 concentrated
in the sex body region (Fig. 6D). Strikingly, the red
fluorescence-labeled DNA and the green fluorescence-
labeled SUMO-1 were significantly co-localized and the
merge of fluorescent images showed their considerable
overlap (yellow, Fig. 6D) indicating the close association of
SUMO-1 with the sex body chromatin. SUMO-1 appeared
even more abundant in the mid-pachytene spermatocytes
identified by their increased size relative to earlier sperma-
tocytes (Figs. 6E and 7B), the shape of round spermatids (Fig.
7B), and the presence of sperm seen in groups being released
to the adjacent lumen within the deepest layers of the same
tubule segments. SUMO-1 was clearly present in late
pachytene spermatocytes (Fig. 7C), where elongated sper-
matids characterized at stages IX–X of mouse spermato-
genesis were observed. As mentioned above, corresponding
to these stages, leptotene spermatocytes (Le) do not contain
SUMO-1 in their nucleus. SUMO-1 remains associated with
the sex body until the diplotene stage but disappears before
the completion of the first meiotic division (Figs. 6F and 7D).
Sequential SUMO-1 disappearance from diplotene sperma-
tocytes can be followed (see Fig. 7D). The products of the
first meiotic division, the secondary spermatocytes, were
SUMO-1-negative (Figs. 6F and 7A).
Similar to our findings using isolated cells, staining at
the periphery of the Sertoli cell nucleus was detected only
with the SUMO-1ABR antibody (Fig. 6) but not when
SUMO-1Zymed was used (Fig. 7). Interestingly, the intensity
of Sertoli nuclear staining with SUMO-1-ABR varied
between the stages of the seminiferous tubules (Fig. 6),
findings indicating possible stage-specific SUMO-1 expres-
sion in the Sertoli cells. Both antibodies, however, recog-
nized SUMO-1 in the heterochromatin bodies adjacent to the
Sertoli nucleoli, which are known as satellite karyosomes
and thought to represent centromeric chromatin (Russell
et al., 1990). SUMO-1 was seen more prominently near the
nucleolus when the SUMO-1Zymed antiserum (Fig. 6A and
Figs. 7E and F) was used. Immunolocalization of SUMO-1
in Sertoli cells was distinctly different from that observed in
some, but not all, testicular peritubular myoid cells, which
showed nuclear or cytoplasmic SUMO-1 staining with either
antibody (Fig. 8).Discussion
Herein, we report localization and characterization of
SUMO-1 in freshly isolated and purified testicular cells andintact seminiferous tubules as studied by Delta Vision
Restoration high-resolution deconvolution and confocal
microscopy techniques, and Western analyses. Data
obtained using two different anti-SUMO-1 antibodies were
largely consistent; some differences in specificity for
immunodetection were observed in Sertoli cells and
spermatids, perhaps due to differences in an antiserum’s
ability to recognize distinct SUMO-conjugates.
In spermatogonia, a slight perinuclear SUMO-1 signal was
detected in the cytoplasm, consistent with its presence near
the nuclear pore complex, findings similar to those reported in
somatic cells from other tissues (Matunis et al., 1998; Pichler
and Melchior, 2002). During meiosis, SUMO-1 first was
detected on gonosomal chromatin during the zygotene phase,
the signal intensified in early and mid-pachytene spermato-
cytes, and disappeared from diplotene before the first meiotic
division. During zygotene, homologous chromosomes pair
and synapse during meiotic prophase (Baarends et al., 2003);
pairing between the sex chromosomes, however, occurs only
in a so-called ‘‘pseudo-autosomal region’’ in which they share
sequence homology (Handel, 2004; Hoyer-Fender, 2003).
The pattern of XY chromosome condensation differs from
that reported for autosomes.
Sex chromatin condensation initiates in zygotene,
increasing to mid-pachytene (Hoyer-Fender, 2003; Solari,
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zygotene is coincident with the time when sex chromosomes
synapse and start to condense. Furthermore, the spatially
restricted, intense accumulation of SUMO-1 evidenced by
the strong signal intensity in the sex body of early-to-mid-
pachytene spermatocytes correlates with the additional
condensation of gonosomal chromatin. Thus, the timing
and concentration of SUMO-1 to the sex body are
suggestive of the possible involvement of sumoylation in
bringing non-homological chromosomes together, as well as
in MSCI and XY body formation.
Differential and specific protein interactions subserved
by their post-translational modifications are thought to
contribute to the silencing of sex chromatin (Hoyer-Fender,
2003). Sumoylation has been well correlated with both
chromatin inactivation and transcriptional repression. Sev-
eral mechanisms appear to be involved in this repression,
among them are conformational changes in particular
transcription factors, regulation of the assembly of particular
transcription complexes, inhibition of alternative lysine-
targeted modifications, recruitment of proteins having the
ability to repress transcription, and organization of specific
domains of non-active heterochromatin (Johnson, 2004;
Verger et al., 2003). Further understanding of the functional
significance of SUMO-1 localization in the sex body
requires much additional study, but its likely involvement
in MSCI in male germ cells during sex chromosome
inactivation would be consistent with the transcriptional
repression previously reported for sumoylation in somatic
cells. The precise mechanisms that bring the X and Y
chromosomes together as well as the exact timing of MSCI
are not known. One possibility is that MSCI occurs early in
meiotic prophase, facilitating homologue search and partial
synapsis between the X and Y chromosomes (Baarends et
al., 2003; Handel, 2004; Hoyer-Fender, 2003; Turner et al.,
2000). A role for SUMO-1 in MSCI during the time of XY
synapsis would be consistent with this hypothesis and our
data suggesting that MSCI and XY alignment occur
coincidently in zygotene.
Numerous proteins, both common to meiotic prophase
and XY-specific, have been localized to the sex body. For
many of these proteins (e.g., XY40, p51, XMR, and histone
macro-H2A1.2), timing over the sex chromosomes corre-
lates neither with the onset of meiotic chromosome synapsis
nor with MSCI (Escalier and Garchon, 2000; Hoyer-Fender
et al., 2000a; Smith and Benavente, 1992, 1995). Similarly,
the proteins XY77, MRE11, and KU70 were found in the
spermatocyte sex body but only at the mid-late stage
(Goedecke et al., 1999; Kralewski and Benavente, 1997;
Kralewski et al., 1997) and the nuclear orphan receptor
germ-cell nuclear factor GCNF and heterochromatin protein
M31 detected in late pachytene spermatocytes (Bauer et al.,
1998; Motzkus et al., 1999). Thus, it is unlikely that the
SUMO-1 detected on the sex chromosomes during zygotene
before chromatin condensation is directly involved in the
modification of these proteins. In contrast, the phosphory-lated form of H2A.X, a subtype of the H2A histones
associated with the sites of double strand breaks, which is
also directly involved in MSCI and sex body formation, was
found associated with sex chromatin from the zygotene
stage, forming ‘‘tadpole-shaped’’ structures (Fernandez-
Capetillo et al., 2003; Hoyer-Fender et al., 2004; Mahade-
vaiah et al., 2001; Turner et al., 2005). In the present study,
similar structures were positive for SUMO-1. Furthermore,
both proteins co-localized to the sex body in pachytene
spermatocytes, producing an identical fluorescence pattern,
and disappeared from the sex chromosomes before the
completion of the first meiotic division, results suggesting a
possible association of SUMO-1 with phosphorylated
H2A.X.
Interestingly, sumoylation itself may also be regulated
by phosphorylation (Gill, 2004; Hemelaar et al., 2004).
Although sumoylation is usually associated with transcrip-
tional repression, and ubiquitination is generally correlated
with increased transcriptional activity, a high concentration
of the ubiquitinated major histone, H2A, was found in the
sex body of spermatocytes (Baarends et al., 1999a,b). Such
findings are suggestive of a possible relationship between
the balance of histone sumoylation and ubiquitination in
this highly specialized structure. Consistent with this
postulate, SUMO can also act by blocking ubiquitin
attachment sites (Johnson, 2004). Histones of both sex
chromosomes undergo sequential acetylation and methyl-
ation modifications beginning at pachytene (Khalil et al.,
2004). Possible SUMO-1 association with phosphorylated
H2AX, ubiquitinated H2A, and/or other post-translationally
modified histones is an attractive concept within the
context of the proposed ‘‘histone code’’ theory, which
suggests that one post-translation modification regulates
another (Jenuwein and Allis, 2001). Thus, SUMO-1 may
be involved in multiple cross-talk interactions involving
various post-translationally modified histones in the XY
region, thereby contributing to MSCI. Consistent with this
hypothesis, in somatic cells SUMO modification of
histones does correlate with repressed transcription (Shiio
and Eisenman, 2003). Sex chromatin, transcriptionally
inactive during the meiotic prophase, reactivates after
meiotic divisions in spermatids (Hoyer-Fender, 2003).
SUMO-1 disappearance from the sex body before the first
meiotic division, when X and Y chromosomes should no
longer be kept together, is timed close to when their
transcriptional activity is resumed, findings consistent with
the proposed SUMO-1-associated silencing of the sex
chromosomes.
Besides the sex body of spermatocytes, SUMO-1 was
also found in the chromocenter region of certain round
spermatids and the heterochromatin bodies of Sertoli cells,
both domains known to contain centromeric heterochroma-
tin (Brinkley et al., 1986; Guttenbach et al., 1996; Russell et
al., 1990). These data are in agreement with the previously
reported function of SUMO-1 in other somatic cell types,
namely, participation in the organization of specific hetero-
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SUMO-1, the M31 protein, another component of con-
stitutive heterochromatin, was localized to the spermatocyte
sex body, the chromocenters of the round spermatids, and
the heterochromatin of some Sertoli nuclei, data suggesting
functional similarities between these structures in these
highly specialized but diverse cell types (Hoyer-Fender et
al., 2000b; Motzkus et al., 1999).
SUMO modification of steroid receptors has been
shown to regulate their transcriptional activities (Kotaja et
al., 2002; Le Drean et al., 2002; Muller et al., 2004;
Poukka et al., 2000b; Shao et al., 2004). Therefore, the free
SUMO-1 and/or the sumoylated conjugates observed in the
periphery of Sertoli cell nuclei, and in the nucleus and
cytoplasm of both Leydig and certain peritubular myoepi-
thelial cells, could potentially modulate the activity of the
androgen receptors expressed in each of these cell types. In
Sertoli and peritubular myoepithelial cells, differential
expression of AR due to stage specificity may explain
our in situ findings of heterogeneous levels of SUMO-1
reactivity in these cells. Particular Leydig cells, in addition
to their nuclear and cytoplasmic signal for SUMO-1,
exhibited intense perinuclear SUMO-1, findings consistent
with its presence in the nuclear pore complex described
previously in other types of non-testicular somatic cells
(Matunis et al., 1998; Pichler and Melchior, 2002; Zhang et
al., 2002). Alternatively, several other steroid receptors are
differentially expressed in these somatic cells and may
represent functional targets for sumoylation; alterations in
intratesticular steroids or their respective receptor levels
could then have the potential to affect the expression or
localization of SUMO-1.
In maturating spermatids, SUMO-1 was seen in the
perinuclear ring and in the centrosome, regions that serve as
initiation sites for microtubule assembly. During spermatid
elongation, the microtubular manchette emerges from the
perinuclear ring and sperm tail flagellum assembly is
initiated in the centrosome region. The developmental
sequence of microtubule nucleation in both sites is not
completely known but the overall process is thought to
contribute to spermatid nuclear reshaping. Our results,
therefore, implicate SUMO-1 in the process of spermatid
microtubule nucleation and nuclear reshaping.
Spermatid proteins localized to the perinuclear ring and
centromere, as well as their regulators, could be potential
targets for sumoylation. Somatic cell tubulins were recently
identified as potential targets for sumoylation, providing
such a precedent (Rosas-Acosta et al., 2005). In spermatids,
g-tubulin is a major component of the microtubule-
organizing center of the centrosome while y-tubulin is
found in the perinuclear ring; either or both tubulins could
be regulated by sumoylation (Kato et al., 2004; Smrzka et
al., 2000; Wiese and Zheng, 1999). Potential candidates also
include Ran-GTPase-activating protein (Ran-GAP), known
to bind SUMO-1 to activate small GTPase and Ran (Ras-
related nuclear protein), which is known to play a role in theorganization of microtubule-containing structures, and
localizes to the manchette and centrosome region of
spermatids (Dasso, 2001; Kierszenbaum et al., 2002).
Besides microtubule assembly, SUMO-1 may be involved
in other processes occurring during spermiogenesis. For
example, Ran has been implicated in nuclear–cytoplasmic
transport in spermatids consistent with its function in
somatic cells (Kierszenbaum et al., 2002). Potential involve-
ment of SUMO-1 in Ran-mediated nuclear–cytoplasmic
transport may, in turn, contribute to histone-to-protamine
transition and/or transcription repression. As discussed
above, sumoylation can also affect other post-translational
modifications. Interestingly, the centrosome was identified
as a site for concentration of the proteins associated with
ubiquitination (Berruti and Martegani, 2002). The present
findings imply yet another link between the two post-
translational modification pathways and suggest the pres-
ence of similar, but not identical, multiple SUMO-1-
conjugates in these regions.
The manchette and centrioles are both transient struc-
tures. The manchette disappears after the elongation of the
spermatid nucleus and the distal centrioles degenerate
during late spermiogenesis, its components discarded into
the residual bodies (Manandhar et al., 1998, 1999, 2000;
Mochida et al., 1998). Consistent with these processes, our
studies show that SUMO-1 is undetectable in fully differ-
entiated and restructured testicular sperm and that SUMO-1
is detected in isolated residual bodies.
Mice with specific spermatogenic defects including those
arrested at different stages of meiosis and/or displaying
abnormalities in spermatid reshaping should be useful
models with which to further investigate the functional role
of SUMO-1. In particular, azh (abnormal spermatozoon
headshape) mutant mice that display severe head shape and
tail defects accompanied by abnormal perinuclear ring and
manchette morphology may provide an excellent paradigm
for investigating the potential role of sumoylation of
particular proteins during the process of nuclear reshaping
(Cole et al., 1988; Kierszenbaum and Tres, 2002; Meistrich
et al., 1992; Russell et al., 1991).
In summary, testicular SUMO-1 localizes to specific
domains of both distinct germ and somatic cells, potentially
with diverse functions during spermatogenesis. In sperma-
tocytes, SUMO-1 localizes to sex chromatin from the
zygotene to diplotene stage, findings suggestive of its
involvement in XY synapsis, MSCI, and sex body
formation. Additionally, SUMO-1 may function in the
organization of other heterochromatin domains in germ
and somatic cells. In elongating spermatids, SUMO-1 was
found localized to the centrosome and perinuclear ring of
the manchette, and most likely is involved in the process of
microtubule assembling occurring in both sites. SUMO-1
may have a role in the regulation of steroid receptor function
in testicular somatic Sertoli, Leydig, and myoepithelial cells,
and its expression may be stage-specifically regulated.
Ongoing studies to clarify the mechanism(s) and functional
M. Vigodner, P.L. Morris / Developmental Biology 282 (2005) 480–492490roles of sumoylation in the regulation of spermatogenesis
are in progress.Acknowledgments
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